The pollen of walnut cultivar 'Geisenheim 251' was germinated on media designed by combining different concentrations of sucrose (10, 15 and 20%), agar (0.6 and 0.8%), boric acid (0, 300 and 600 ppm) and calcium chloride (0, 50 and 100 ppm). A total of 54 combinations of these substances were tested in order to develop the most suitable medium for in vitro pollen germination tests in walnut. Significant differences in pollen germination rate in walnut cultivar 'G-251' were the result of varying concentrations of agar, sucrose, boric acid and calcium chloride in the germination medium. Strong and complex interactions were observed between the tested substances. Germination rate was maximized (42%) on the medium containing 0.6% agar, 15% sucrose, 300 ppm H3BO3 and 50 ppm CaCl2.
Introduction
English walnut (Juglans regia L.) is a windpollinated monoecious, herkogamous plant. Walnut trees are genetically self-fertile species, but in most walnut genotypes the period of pollen shedding from anthers does not completely overlap with the period of female flower receptivity (Polito, 1998) . This is the main reason why a few selected genotypes should necessarily be placed in commercial walnut orchards to allow cross-pollination. In order to identify suitable pollinators, it is important to define reliable pollen viability testing methods (Cerović et al., 1992) .
Moreover, understanding the functional ability of the pollen is of great significance to reproductive biology research and walnut breeding.
Among the different methods used to test pollen germination in plants, the following are of utmost importance: 1) in vivo test, involving monitoring pollen tube growth on the stigma and in the style; 2) in vitro test on an adequate germination medium; 3) staining the pollen with fluorescent dyes; 4) testing pollen for enzyme activity; 5) staining the pollen grain vegetative cell (Galletta, 1983; Kearns and Inouye, 1993) . In vivo pollen germination test is considered the most authentic pollen viability test; however, it is time-consuming and requires the availability of adequate equipment. Different staining techniques yield rapid results, but they do not determine the actual germination of pollen, but rather the enzyme activity of pollen grains or their membrane integrity.
In vitro test is the most commonly used pollen viability test in plant breeding programs, as it provides a rapid and simple estimation of actual pollen germination under defined conditions (Shivanna et al., 1991; Tuinstra and Wedel, 2000; Dantas et al., 2005) .
The composition of the medium used for pollen germination can significantly affect pollen metabolism (Taylor and Hepler, 1997) . Walnut pollen exhibits poor performance on artificial media; therefore, it requires boric acid and calcium, in addition to agar and sucrose (Griggs et al., 1971) .
In a experiment conducted by Luza and Polito (1985) the maximum pollen germination was obtained on a culture medium solidified with 0.65% agar.
Increasing agar concentration in the medium resulted in a decline in pollen germination rate, with minimum germination occurring at 1.0% agar.
Conversely, Sağlam and Gülcan (1995) and Blidariu et al. (2009) observed that 1% agar in the medium provided the optimum concentration for germination.
In an experiment by QI Guo-hui et al. (2007) , percentage germination of pollen from four walnut cultivars on germination media containing a low concentration of sucrose (5%) and a high concentration of boric acid (0.5%) was higher than at 5% sucrose and 1% boric acid. In a test conducted at 5%, 10%, and 15% sucrose in 1% agar media, Sütyemez (2007) obtained the highest germination rate at 10% sucrose concentration. Hall et al. (1971) found that media consisting of 0.5% agar, 20%
sucrose and 100 ppm boric acid supported the highest percent germination, whereas WU Kai-zhi et al. 
Materials and methods

Plant material
This research was conducted in spring 2012 using pollen obtained from the German cultivar 'Geisenheim 251' (G-251) near Lazac, Western Serbia.
pollen. Catkin samples were collected from a number of trees, from different parts of the crown. Then, under laboratory conditions, they were placed on a piece of black paper to release pollen for three to four hours.
Experimental design
The pollen was germinated in Petri dishes 35 mm in diameter, each containing 3 ml agar-based germination medium. Apart from agar, the medium was supplemented with sucrose, boric acid and calcium chloride. The experiment was laid out in a four-factor design, with sucrose, agar, boric acid and calcium chloride as independent variables used at concentrations of 10, 15 and 20% for sucrose; 0.6 and 0.8% for agar; 0, 300 and 600 ppm for boric acid; and 0, 50 and 100 ppm for calcium chloride. Pollen germination was tested on 54 different media.
Pollen germination procedure
As recommended by Taylor (1972) , prior to pollen culture, the Petri dishes containing the medium were kept for 24 hours at 4°C to allow the agar to solidify.
This prevented the pollen from sinking into the medium, which otherwise may have hindered germination or led to pollen tube breakage due to overhydration. The pollen was deposited by a fine brush to ensure even distribution of pollen grains on the surface of the agar. The importance of even distribution of pollen over the agar was brought to attention by Giulivo and Ramina (1974) , who found that agglomeration of pollen grains leads to higher pollen germination. Pollen was incubated at 22°C in the dark for 24 hours. Upon incubation, the Petri dishes were frozen at -18°C to hold back pollen tube growth and preserve the material until further evaluation. The day before microscopic observation, the dishes were thawed at 4°C (Hedhly et al., 2005) .
Determination of pollen germination
The dishes containing the cultured pollen were examined under a light microscope at 100x magnification to count germinated and non- 
Statistical analysis
Data were subjected to analysis of variance, and differences between means were determined by Tukey's test at a probability level of 0.05.
Results and discussion
The total average pollen germination percentage in 'G-251' walnut was 13.5%. The germination rate was maximized (42.0%) on the medium composed of 0.6% agar, 15% sucrose, 300 ppm H3BO3 and 50 ppm
CaCl2. The analysis of variance for the experimental data revealed a significant effect of agar, sucrose, boric acid and calcium chloride and most of their interactions on pollen germination (Table 1) .
Effect of agar
The average pollen germination of cv. 'G-251' was significantly higher on the media supplemented with 0.8% agar than on 0.6% agar solidified media. There is inconsistency in the related literature data on optimum agar concentrations in germination media for walnuts. Luza and Polito (1985) found that the agar concentration of 0.65% was the most suitable for pollen germination in 21 walnut cultivars. Cerović et al. (1992) reported the highest pollen germination on the medium containing 0.75% agar. Galletta (1983) obtained the highest percent germination on 1% agar medium. Agar content in a germination medium contributes to ensuring good hydration and germination of pollen grains in walnuts (Luza and Polito, 1985) .
In the present experiment, the increase in agar concentration from 0.6% to 0.8 % promoted pollen germination on the media containing 10% and 15% sucrose, respectively, but had the opposite effect on those supplemented with 20% sucrose (Fig. 1-a) .
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Increasing agar concentrations were found to adversely affect pollen germination on the media without calcium chloride, while increasing pollen germination on the media containing calcium chloride ( Fig. 1-b) . 
Effect of boric acid
Pollen germination rate was significantly higher on the media containing boric acid than on those without it. In terms of the average germination rate, the media containing 300 ppm boric acid were significantly superior to 600 ppm boric acid media. Wu et al. (2008) observed that the optimum boric acid concentration for the germination medium for cv.
'Yunxin' was 10 ppm. In contrast, Cerović et al. (1992) found no significant positive effect of supplementing germination media with boric acid on pollen germination in six cultivars tested.
The addition of boric acid had a significantly higher positive effect on pollen germination on the media containing 15% sucrose than on 10% and 20% sucrose media ( Fig. 1 -c) . Pollen germination on the media without calcium chloride was not significantly affected by boric acid, whereas the media supplemented with both boric acid and calcium chloride significantly improved pollen germination ( Fig. 1-d) . Pfahler (1967) observed that boron
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combines with sucrose to form a sucrose-borate complex, which enhances sugar activation on membranes. Boron plays a major role in the synthesis of pectin as an essential component in pollen tube growth (Richards, 1986) . Fig. 2-a) . Supplementing the media containing no calcium chloride with sucrose led to a high increase in pollen germination rate, regardless of boric acid concentration ( Fig. 2-b) , but the positive effect of sucrose addition decreased with increasing calcium chloride concentration in the medium, with sucrose adversely affecting pollen germination at maximum calcium chloride concentrations, particularly in combinations containing a higher content of boric acid ( Fig. 2 -c, d ). 
Effect of sucrose
The highest average pollen germination rate was obtained on the media containing 15% sucrose.
Differences in pollen germination rate on 10% and 20% sucrose media were not significant (Tab. 1).
Sütyemez (2007) also found that a 15% sucrose concentration in germination medium gave the highest germination rates for walnut cultivars, but Wu et al. (2008) reported that the pollen germination rate in 'Yunxin' walnut was the highest at a sucrose concentration of 10%.
and is governed by a proper concentration ratio of sucrose to substances such as boric acid and calcium.
Excessive concentrations or a deficiency of any of these substances can prevent or hinder pollen grain germination (Silva et al., 1999) .
In the media without boric acid and in those containing 600 ppm boric acid, the high sucrose concentration (20%) combined with the high agar concentration (0.8%) gave a lower pollen germination rate than at an agar concentration of 0.6% in the media ( Fig. 3 -a, c) . The increased agar concentration in the media containing a medium boric acid concentration (300 ppm) had a positive effect on pollen germination even at a high sucrose concentration in the medium (Fig. 3-b) .
The increase in agar concentration in the media without calcium chloride had an increasingly depressive effect on pollen germination with increasing sucrose concentration in the medium ( Fig.   3-d) , whereas a positive effect was observed on the media supplemented with calcium chloride (Fig. 3 - e, f).
Conclusion
Significant differences in pollen germination rate in walnut cultivar 'G-251' were the result of varying concentrations of agar, sucrose, boric acid and calcium chloride in the germination medium. Strong and complex interactions were observed between the tested substances. Germination rate was maximized (42%) on the medium containing 0.6% agar, 15%
sucrose, 300 ppm H3BO3 and 50 ppm CaCl2.
